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Critical satellite-based electronics can fail due to irradiation with Van Allen belt trapped protons. While
nuclear-reaction-induced transmutation damage is typically ignored, a recent study raised the question
of its potential importance in explaining anomalous trends in IlI-V nBn device operation. To investigate
this postulation and to generally quantify the importance of transmutation in semiconductors for space
applications, transmutation rates occurring in eight prominent semiconductor systems irradiated with
typical device qualification protons of 63 MeV and operating in LEO, MEO, and GEO orbits are examined
computationally employing FISPACT-II (validated through experiment and GEANT4 simulations). It is
found that the transmutation realized in the Ill-V nBn device is three orders of magnitude less than
would have been required to bring experiment into agreement with theory and that, furthermore, the
total transmuted elemental concentrations never exceed 10 cm™ in any semiconductor at the end of
10 years of operation in any orbit considered. Thus, the effect of nuclear transmutation can be safely

rsc.li/materials-c

1 Introduction

Satellite-based hybridized focal plane arrays (FPAs), with the
purpose of infrared imaging from space, have their function-
ality altered through the course of their operating lifetime by
the radiation environment in which they are situated. Due to
their cumulative damage efficiency, the dominant radiation at
fault is high energy protons, above 10 s of MeV. The three main
sources of these protons are the Van Allen belts, solar events,
and intergalactic cosmic rays. The Van Allen belts constitute
the dominant source and are visualized in Fig. 1, overlaid with
important satellite orbits." As protons constitute 95-96% of
trapped ions, higher atomic number constituents of the radiation
belts are not included in this analysis.?

The modes through which incident protons alter semiconductor
devices are traditionally categorized into ionization damage
and displacement damage. The former is also referred to as total
ionizing dose and comes about as protons pass through material,
continuously interacting through the long-range Coulombic force
with electrons, causing ionization of valence band electrons due
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neglected in predicting modern device operation in orbit.

Fig. 1 Graphical representation of the inner and outer Van Allen belts
along with the LEO (ISS in the figure), MEO (GPS in the figure), and GEO
orbits considered in this analysis, the parameters of which are given in
Table 2. Graphic from: AFRL AE9/AP9 Development Team https://www.
vdlafrl.af.mil/programs/ae9ap9/images/.

to the energy transfer. This electronic stopping is the dominant
energy loss mechanism for protons with energy in excess of 1 keV
for all materials.” The electron-hole pairs produced manifest as
excess trapped charge and result in unwanted surface-currents in
detector pixels, but high-quality surface passivation can minimize
their detrimental effect.* It should be noted that in ionization
damage, the nuclei (lattice atoms) are not altered and the crystal
structure is not impacted. In contrast, the second traditional
categorization of proton device impact is displacement damage,
resulting from proton interactions directly with lattice atoms.
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In this interaction, protons interact with nuclei through either
the Coulomb force (elastic Rutherford scattering) or through the
Nuclear force (elastic or inelastic nuclear scattering). If sufficient
momentum is transferred to the lattice atom (in excess of the
displacement energy threshold) this lattice atom will be displaced
from its stable lattice position and a vacancy-interstitial (Frenkel)
pair will be produced. This interstitial is known as the primary
knock-on atom (PKA) and can generate a number of secondary
defects.” When this occurs within the absorbing layer of a FPA
pixel, the resulting imperfections in the crystal structure can
serve as electronically active defects where electron-hole recom-
bination can occur, resulting in a reduction in the minority
carrier recombination lifetime. This leads to an increase in dark
current and a possible decrease in the quantum efficiency of the
pixel. These defects also contribute to an overall reduction in FPA
uniformity.

A third different category of radiation damage exists. Rather
than undergoing a scattering reaction, the proton can also interact
with lattice atoms through nuclear reactions.” Neutrons are
most commonly emitted in such reactions, as they experience
no Coulomb barrier to nuclear escape, but protons and even o
particles can be emitted. These reactions are often referred to
through their incoming and outgoing particles, with those
most relevant for MeV protons being (p, xp), (p, xn), (p, x4p +
x,n), (p, ), and (p, @ + p), where x is an integer generally less
than five for reactions of importance to this effort.® These
represent proton interaction with the nucleus resulting in the
emission of x protons, x neutrons, x; protons and x, neutrons,
an o particle, and an o and a proton respectively.

It is observed that these cross-sections generally peak at
10x MeV where x is the number of neutrons emitted from the
unstable nucleus through the (p, xn) reaction. This trend is
visualized for two representative elements in Fig. 2. Due to the
strong energy dependence of these cross-sections, the amount
of transmutation and resulting impurity concentrations are
heavily dependent on the spectrum of the incident protons.
For this reason, realistic spectra associated with satellite orbits
are analyzed in the second section of this document.

Following the proton nuclear reaction, a nucleus may reach
a more stable nuclear state primarily via the emission of
photons in gamma decay or through beta decay in which a
neutron is converted to a proton or vice versa.” While these
nuclear reactions and decays are not one of the traditional
device impact categories, they have been hypothesized to
potentially impact an optoelectronic device by changing the
dopant concentration in the absorber layer of a FPA pixel. These
proton-induced nuclear reactions have recently been theorized
as a potential cause of anomalous trends in III-V (InAs) nBn
detector diffusion limited dark current as a function of 63 MeV
proton fluence.® This detector is composed of a barrier
layer between two n-type semiconductors, with the purpose of
reducing Shockley-Read-Hall generation currents. The experi-
mental observations can be made to align with theory only if
the 5.3 x 10" p* per em” irradiation induces an n-type doping
alteration of 8 x 10" cm™>. The authors proposed nuclear
transmutation of In to Sn as the potential cause.®
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Fig. 2 Proton inelastic nuclear reaction cross-sections for the In-115 (p, n)
(p, 2n), (p. 3n) and Bi-209 (p, 3n) reactions. These cross-sections show the
general trend for the elements considered in this analysis whereby the cross-
sections peak at ~10x MeV with x given by (p, xn) for the reaction. The data is
obtained from the most recent TENDL-2017 database.”

This postulation of proton-induced nuclear transmutation
as a potential cause of alteration of optoelectronic device
performance calls for a thorough quantification of the effective
nuclear transmutation for all semiconductors expected to operate
in the space radiation environment, as their doping concentration
could be variable as a function of device operating lifetime.
If variability is significant for a particular device, the type and
concentration of transmuted nuclei should be accounted for in
accurate prediction of device operation as a function of device
operation lifetime and orbit.

In order to accomplish this goal, the effect of proton trans-
mutation for semiconductors summarized in Table 1 is inves-
tigated through calculation (using the multiphysics inventory
code FISPACT-II°) and Monte Carlo simulation (using the
particle transport code GEANT4') for incident 63 MeV protons,
which are typically employed in military radiation hardness
qualifications.® Following experimental validation, FISPACT-II
is then employed to quantify the anticipated transmutation
for each semiconductor throughout the course of its operating
lifetime in inclined nonpolar low earth orbit (LEO), polar sun-
synchronous LEO, semi-synchronous medium earth orbit (MEO),
and geostationary orbit (GEO). These orbits are visualized in
Fig. 1. Table 1 summarizes the final total impurity concentra-
tions produced in typical device qualification scenarios (7.5 X
10" p* per cm® of 63 MeV) and in satellite orbits.

2 Methods

This investigation considers two different scenarios: earth-based
device qualification monoenergetic proton irradiation and satellite-
based device operation trapped proton spectrum exposure. The
monoenergetic irradiation scenario consisted of FISPACT-II
calculations, GEANT4 simulations, and gamma spectroscopy
characterization of GaAs samples irradiated with 63 MeV

This journal is © The Royal Society of Chemistry 2019
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Table 1 Summary of material composition and density for semiconductors considered throughout this analysis. Also shown are the total transmuted
impurity concentration (108 cm™3) in each for typical device qualification fluences at one day following irradiation and for space radiation fluences
following 10 years of operation in different orbits. For the former, a fluence of 7.5 x 10 p* per cm? 63 MeV protons is employed and for the latter,
spectra summarized in Fig. 3 are used uniformly over the 10 year period of operation

GaAs  Hg,,CdosTe InAsj9:1Sbg oo InAs  InSby sBigs InSbgosBiges InSb  Si
Density (g cm ™) 5.31 7.43 5.68 5.68  6.64 5.87 5.77 2.33
Impurity atoms (108 Cmfs) 1 day 100 krad 10 MeV 213.14 74.03 163.07 169.11 90.55 113.62 116.03 3.28
100 krad 10-50 MeV 241.19 150.13 220.30 219.30 205.47 229.90 232.23 225.69
100 krad 63 MeV ~ 232.30 105.66 206.66 205.12 207.37 221.63 222.81 233.76
100 krad 100 MeV ~ 237.86 124.23 224.71 224.57 228.82 230.01 229.67 218.53
10 years LEO Incl Nonpol 0.80 0.42 3.44 3.51 2.87 2.92 2.92 0.58
LEO Polar sun-sync ~ 27.34 14.24 29.11 29.52 26.65 26.33 26.24 19.78
MEO 1.05 0.01 2.74 2.81 2.15 2.22 2.22 0.90
GEO 0.003 0.01 2.65 2.71 2.15 2.21 2.21 0.02
protons to validate the above. In the satellite-based full-spectrum ! -

. L. . 7. ey — LEO - Inclined nonpolar
scenario, the realistic orbital proton spectra and fluences are - 10 ~. LEO - Polar sun-synchronous
employed to track transmuted concentrations throughout the ' . N, —*' MEO - Semi-synchronous

. . ep . . q! N e GEO - Geosynchronous

semiconductor operational lifetime in space. £ 105- \ |

For all computations, semiconductors of compositions and & "\
densities summarized in Table 1 are modeled, while bare semi- E 5 \
insulating GaAs wafer is used in the experimental validation. p 1o \~~

In the monoenergetic irradiation experimental validation g \ \
stage, computations are modeled to match experiment, with & 10 \\\
samples having a face dimension of 1 cm by 1 cm and a g : \
thickness of 0.5 mm (sufficiently thin that protons lose less g 10-1 : \
than 5% of their incident energy in traversing the target). The = : \ %

computation within FISPACT-II matched the experimental
63 MeV proton spectrum. A fluence of 10" p* per cm?® is
employed and then scaled to match the 7.5 x 10" p* per cm?
experimental validation fluence (associated with a device dose
of 1 Mrad(Si) normal incidence proton beam) for each semi-
conductor material. Transmutation scales linearly with total
proton fluence, so deterministic results may be scaled to match
experiment with no impact on results. These monoenergetic
results are also scaled and utilized for other 63 MeV experi-
mental testing scenarios (for example, 7.5 x 10'" p* per cm?
63 MeV as shown in Table 1). FISPACT-II is a deterministic code
for which the computational time does not scale with fluence
(as discussed further in Section 2.2). Within the Monte-Carlo
code, it is statistically sufficient to simulate 10° protons for
each material, as this results in standard deviations of less than
5% for all non-trace transmuted elements produced (those with
concentrations of >10” cm™?). The results are scaled to match
the experimental fluence in post-processing. The incident
proton fluence is imparted over a short time period as a pencil
beam in simulation (to mimic experimental accelerator irradiation)
and the transmuted concentration of elements is extracted at
46 days to match the time of experimental characterization of
semiconductor transmutation.

In the full-spectrum satellite-based scenario, the validated
FISPACT-II code is employed with the input flux spectra visua-
lized in Fig. 3, binned into the CCFE-162 group structure as
implemented in and required by the code.'* Fig. 1 visually
demonstrates the inclined nonpolar low earth orbit (LEO),
polar sun-synchronous LEO, semi-synchronous medium earth

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Proton cumulative integral flux energy distributions associated
with inclined nonpolar low earth orbit (LEO), polar sun-synchronous
LEO, semi-synchronous medium earth orbit (MEO), and geostationary
orbit (GEO) defined in Table 2. These spectra are employed in FISPACT-
II calculations (trapped proton full-spectrum) of elemental transmutation
in all semiconductors considered in this effort.®

orbit (MEO), and geostationary orbit (GEO) considered in this
analysis. The parameters associated with these orbits are found
in Table 2. The inclined nonpolar LEO is the orbit of the
International Space Station. The polar sun-synchronous LEO
is conducted at the upper bound of this orbit class and these
orbits are employed for remote sensing and weather satellites.
The MEO semi-synchronous orbit is used for the purposes of
navigation, communication, and space environment monitoring.
Finally, the GEO orbit is used for satellites whose purposes
include communications, early warning, nuclear detection, and
weather.'” The trapped proton spectra associated with these orbits
are obtained from the solar minimum AP8 model for Van Allen
belt trapped radiation sourced from the SPace ENVironment
Information System (SPENVIS) maintained by the European Space
Agency.”® The incident flux is imparted continuously, as is
approximate in the space environment, for a period of 10 years
and the concentration of transmuted elements is quantified as a
function of time. Temporal non-uniformity in the true operating
environment will be of small significance because transmutation

J. Mater. Chem. C, 2019, 7, 8905-8914 | 8907
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Table 2 Summary of satellite orbits included in transmutation analysis. The associated proton spectrum of each is visualized in Fig. 3

Category Orbit type Altitude (km) Period (h) Tilt (°) Shape Integral flux (em > s~ )
Low earth orbit (LEO) Inclined nonpolar 340 1.5 51.6 Circular 2.29 x 10°

Low earth orbit (LEO) Polar sun-synchronous 900 1.7 98 Circular 1.02 x 10"

Medium earth orbit (MEO) Semi-synchronous 20100 12 55 Circular 2.43 x 107
Geostationary orbit (GEO) Geosynchronous 35786 24 0 Circular 6.9 x 10’

is a long-term cumulative effect. In this full-spectrum irradiation
case, samples are defined to be 1 cm?® in volume, but this
parameter does not affect FISPACT-II results as the concentrations
are cited in terms of atoms per unit volume and the flux is given
as a scalar quantity.'*

The experimental validation of transmuted elemental con-
centrations is accomplished through comparison of experi-
mentally realized and computationally predicted gamma spectra
of an irradiated GaAs sample. The samples became radioactive
due to proton-induced nuclear reactions, which are also the cause
of nuclear transmutation and potential semiconductor doping
variability. The gamma rays emitted in subsequent nuclear decays
to a more stable nuclear state are detected experimentally and
compared to those predicted from computation of transmutation.
This being the case, all isotopes of all elements required tracking,
even those of elements naturally occurring in the sample. For the
full-spectrum proton exposure, where impurity concentration is
the primary quantity of interest, only those elements not naturally
found in the semiconductor are included in the results.

The three transmutation quantification methods will now be
discussed in practical detail. All data, scripts, and intermediate
analysis files can be found on our GitHub repository for
this manuscript https://github.com/jvl2xv/SemiconductorTrans
mutation.™

2.1 GEANT4 Monte Carlo simulation method

Version 10.3.0 of GEANT4 was used, as implemented on the
MIT PSFC Engaging Cluster. In GEANT4, the physics models
employed in the simulation must be specified by the user.
The physics list employed in this effort is the Shielding physics
list. This physics list is recommended for Space Radiation™
and includes the following relevant proton interaction models:
multiple scattering, hadron ionization, hadron elastic processes
(G4WHadronElasticProcess), and proton inelastic processes
(Bertini cascade model from 0-5.0 GeV).">'° It also includes
radioactive decay by default, a critical requirement for this effort
as elemental concentrations are tracked as a function of time. The
Shielding physics list employs the Bertini Cascade Model (BERT)
for energies of interest in this analysis (E < 10 GeV) and contains
improved neutron interaction cross-section data from JENDL.'®
Furthermore, it has been widely employed by efforts interested in
protons of similar energies to those considered here.’”™°

To extract temporal information from this simulation, every
particle (including nuclei) produced in the process of proton
transport through the material is recorded, in addition to its
time of creation and its associated incident proton source number.
With this information, the impurity isotopic composition of the
sample could be surmised at any given time. In order to permit

8908 | J. Mater. Chem. C, 2019, 7, 8905-8914

direct comparison with experiment, the activity of all extant
isotopes is calculated to produce a gamma spectrum that can
be directly compared to experiment.

2.2 FISPACT-II inventory calculation method

An additional method employed to quantify transmutation is
calculation using published natural abundances, cross-sections,
and decay data as implemented in the FISPACT-II enhanced
multiphysics inventory and nuclear observables system.'’ This
code is capable of computing activation and transmutation
caused by charged-particle and neutron irradiation. It employs
the most recent incident-particle nuclear data from the
TENDL-2017, HEIR-0.1, ENDF/B.VIIL0, JEFF-3.3, JENDL-4.0, and
CENDL-3.1 international libraries and is maintained by the UK
Atomic Energy Authority."" Specifically for this application, the
FISPACT 2017 TENDL database (gxs-162) is used for nuclear
reaction cross-sections, the UKAEDD-12 decay library is used for
decay data, and the UKFY-4.1 library (as obtained from JEFF-3.1.1
decay data) is used for fission yields. It should be noted that this
library ignores decays with half-lives of greater than 1000 years
and that it also only contains fission yield information for 19
of the 90 nuclides in the proton-induced fission cross-section
database. For the others, FISPACT-II employs yields for neigh-
boring elements. All input files are in the ENDF-6 file format.""
FISPACT-II condenses these libraries given the incident
radiation spectrum inputted by the user. It then solves a series
of deterministic rate equations which describe the transmuta-
tion of the initial set of nuclides in the sample caused by the
input radiation and by spontaneous radioactive decay. This
code assumes a homogeneous, infinite, and infinitely dilute
sample in which the concentration of each nuclide 7, N, evolves
according to a stiff ODE set of rate equations of the form

S+ o™ )N}, )

where the summation is conducted over all nuclides and ¢ is
the condensed cross-section for incident particles (protons in
this application) reacting with isotope j to produce isotope
i [em?] (a negative quantity equal to the total cross-section for
isotope j if i = j), ¢'™ is the energy-integrated projectile flux
(because condensed cross-sections are employed) [ecm > 5],
and % is the decay constant of isotope j to decay to isotope
i [s™'] (a negative quantity equal to the total decay constant
for isotope j if i =j). The user can implement a sequential series
of irradiation and cooling stages and quantify the number of
atoms of each isotope in existence at the end of each stage.
As was done with the GEANT4 results, this impurity isotopic

This journal is © The Royal Society of Chemistry 2019
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composition is transformed to a gamma spectrum for experi-
mental validation.

It should be noted that, as the published proton cross-
section databases do not contain uncertainty quantification
for proton reactions, no uncertainties can be derived from this
deterministic code. The validity of the results is determined by
the accuracy of the cross-section libraries employed."*

2.3 Experimental method

In order to validate the simulations and calculations performed,
GaAs samples were irradiated at the Crocker Nuclear Laboratory
at the University of California, Davis, 76" isochronous cyclotron
with 7.5 x 10" p* per em” of 63 MeV at normal incidence (a dose
equivalence of 1 Mrad(Si)). This large fluence is used to minimize
the uncertainty in quantifying transmuted elements produced.*’
The residual radioactivity of samples is measured using a
Canberra Industries Genie-2000 Spectroscopy System High Purity
Ge Detector to permit adequate energy resolution for isotopic
identification.>® This counting was conducted 46 days after
irradiation. The duration of counting was 68.75 hours to
minimize statistical uncertainty in the decay rate, which is
used to predict transmuted nuclei concentrations. The experi-
mental spectrum is calibrated in energy and efficiency using
a reference source. Background is removed by subtracting
the 96.0 hour counting spectrum obtained from an identical
unirradiated sample. Energy peaks are identified and inte-
grated to yield counts using the Ortec GammaVision software
sum/non-linear least-squares (LSQ) fit peak identification and
area calculation.”® The resulting peaks in the gamma activity
spectrum at 46 days post-irradiation are compared with the
predicted gamma activity spectra at this point in time from the
two computational methods.

3 Results

3.1 Monoenergetic proton spectrum: earth-based

The resulting gamma spectra at 46 days following rapid GaAs
irradiation with 63 MeV protons as predicted from FISPACT-II
calculation, GEANT4 simulation, and realized in experiment
are visualized in Fig. 4, labeled with each isotope associated
with the major decays. The uncertainties are too small to be
observed.

Quantitatively, it is seen that when the gamma peaks are
binned into 1 keV increments (necessary due to energy uncertainty
in experimental results), the root mean square error of the calcu-
lated and simulated results are 0.36 Bq and 0.47 £ 0.02 Bq
respectively (including only energies above 82 keV because below
this value the experimental efficiency curve decreases rapidly,” as
shown in the ESI}). This leads to the conclusion that the FISPACT-
II results are both more accurate and have a smaller error due
to the fact that they are not generated through a Monte Carlo
technique. Both methods correctly identified over 95% of experi-
mental peaks as defined through this binning mechanism. This is
deemed as sufficient accuracy to permit use of the FISPACT-II code
in the satellite-based full-spectrum scenario.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Comparison of experimentally realized and computationally
predicted GaAs gamma decay activity spectra resulting from 63 MeV proton
irradiation with 7.5 x 102 p* per cm? (associated with a device dose of
1 Mrad(Si) normal incidence proton beam) at 46 days post-irradiation. These
results are used to validate the use of FISPACT-II in computing elemental
impurity concentrations as a function of time in orbit.

For completeness and for use in ground-based device radiation
hardness studies, the elemental concentrations (aggregated
over all isotopes) of transmuted elements produced in each
semiconductor as a consequence of 7.5 x 10" p* per cm® of
63 MeV for each semiconductor material at 46 days are visua-
lized in Fig. 5 as derived from FISPACT-II and in Fig. 6 as
derived from GEANTA4. Alpha (o) particles are included in He
concentrations given. The error-bars are again too small to be
readily discernible in the GEANT4 results (and do not exist for
the FISPACT results, as discussed in Section 2.2). The two plots
are graphed on the same y-scale for ease of direct comparison.
Below each plot, the dominant source element for each
impurity element is given. Quantitatively, the total impurity
concentrations produced in each semiconductor according to
the two methods are presented in Table 3, where it is observed
that disagreement does not exceed 26% in any material.
The two methods do not yield perfect agreement because
FISPACT-II derives its cross-sections from published libraries
while GEANT4 derives its cross-sections from nuclear models,
as discussed in Section 2.

Despite, the excellent overall agreement in impurity concen-
tration, there are clear differences between the two codes. The
most obvious is the fact that GEANT4 predicts the existence of
fission daughter isotopes from proton-induced fission of Bi and
Hg, as shown in Fig. 6. FISPACT-II does predict the occurrence
of this fission, but the daughter isotopes are produced in a
manner that is in disagreement with GEANTA4. It is hypothe-
sized that this may be a result of improper treatment of fission
yields, as it is mentioned in Section 2 that FISPACT-II only
includes fission yield information for less than half of isotopes
for which it includes proton-induced fission cross-sections. For
the present purpose of transmutation analysis, this discrepancy
is of little import due to the infinitesimal concentrations of
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46 days following rapid irradiation with 7.5 x 10* p™ per cm? of 63 MeV (associated with a device dose of 100 krad(Si) normal incidence proton beam)
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Table 3 Comparison of GEANT4 and Fispact-Il predictions of total impurity concentration (units of 10'° atoms cm™)

irradiation fluence of 7.5 x 10 p™ per cm? at a point 46 days following irradiation

resulting from 63 MeV proton

GaAs Hgo.7Cdy 3Te InASg.91Sbg.09 InAs InSbg 5Big 5 InSbg o5Big 05 InSb Si
GEANT4 3.465 1.457 3.712 3.730 3.693 3.562 3.530 2.693
FISPACT-II 2.817 1.181 2.784 2.795 2.744 2.747 2.741 2.338
Percent difference (%) 18.7 18.9 25.0 25.1 25.7 22.9 22.3 13.2

these fission daughter isotopes, as predicted by GEANT4, of no
more than 5 x 10° em™>.

As FISPACT-II uses the most up-to-date experimentally
validated cross-sectional databases and the results are generally
in good agreement with those of experiment and GEANT4,
FISPACT-II is selected for use in the realistic satellite orbital
transmutation computations conducted in Section 3.2."" Additional

benefits of this deterministic code are that it is not plagued by

8910 | J. Mater. Chem. C, 2019, 7, 8905-8914

statistical variability and that a given run takes about 100x less
time than a GEANT4 simulation of the same system.

As mentioned in Section 1, transmutation doping has recently
been proposed as a potential cause for anomalous dark current
trends in InAs nBn device operation following proton irradiation
with 5.3 x 10"" p* per cm® (100 krad (Si) dose at 45°) 63 MeV
protons.® However, when this irradiation is mimicked through
computation, the relatively large concentration of Sn (at 46 days)

This journal is © The Royal Society of Chemistry 2019
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produced in InAs (2.772 & 0.005 x 10° cm ™~ according to GEANT4
and 3.243 x 10° cm ™ according to FISPACT-II) is insufficient to
explain the dark current trends experimentally observed as
a much larger concentration of transmuted Sn would have
been required to explain their results. Specifically, they
observed an apparent increase in n-type carrier concentration
from 1.5 x 10 em > to 2.3 x 10™* cm?, a net increase of
8 x 10" cm™? n-type carriers. This increase is more than four
orders of magnitude larger than can be explained by trans-
mutation to Sn according to the computations employed in
this effort and is over three orders of magnitude larger than
the total InAs transmuted concentration (all of which would
not act as n-type dopants and would serve to compensate one
another to some degree). Furthermore, it is not the case that
the authors of this paper were observing a transient spike in
Sn concentration because the dominant impurity elements do
not show large post-irradiation temporal transients in any
semiconductor considered following 63 MeV proton irradiation,
as visualized in Fig. 7, where the concentration of the dominant
impurity at one year in each semiconductor considered is visua-
lized as a function of time following a 30 second irradiation with
5.3 x 10'"" p* per ecm® 63 MeV protons. The dominant InAs
impurity at one year is Ge, as shown in Fig. 7, but Sn shows a
similar concentration trend as a function of time. This is the case
because the stable Sn concentrations of Sn-112 and Sn-114 are
being increased by other decays while the unstable Sn isotopes
(primarily Sn-110 and Sn-111) decay away and the two balance
each other over this interval. As such, transmutation can be defini-
tively ruled out as a cause for the anomalous dark current trend.

3.2 Orbital trapped proton spectrum: satellite-based

3.2.1 Computed concentrations. The results of calculated
elemental impurity concentrations (with concentrations in
excess of >10> cm™?) throughout a 10 year semiconductor
lifetime for the LEO orbit of the ISS (inclined nonpolar orbit)
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Fig. 7 Dominant impurity concentration following 30 second irradiation of
5.3 x 10™ p* per cm? 63 MeV protons as a function of time post irradiation.
It is shown that over this decay interval, no impurity elements undergo large
transients in concentration immediately following irradiation.
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are visualized in Fig. 8 for InAs. All impurity concentrations
show similar temporal trends, as shown in the ESL.# This being
the case, the asymptotic 10 year impurity concentration (cm )
for inclined nonpolar low earth orbit (LEO), polar sun-synchronous
LEO, semi-synchronous medium earth orbit (MEO), and geo-
stationary orbit (GEO) are shown, respectively, in Fig. 9-12,
where the parameters for each orbit are given in Table 2 and
shown in Fig. 3. All figures are shown on identical axes for ease
of direct comparison. It is immediately apparent that the LEO
orbits result in a larger diversity of impurity elements in all
semiconductors considered. This is a consequence of the fact
that protons in these orbits extend to higher energies and, thus,
have access to a wider array of nuclear excited states. This is
also seen in comparing the MEO and GEO orbits with the MEO
orbit producing a wider array of impurity elements due to the
extension of the proton spectrum to higher energies.

All orbits are capable of producing >10® cm™> concentrations
of Sn by the 10 year point in all In-based semiconductors. As such,
the higher energy of the LEO orbits (allowing access to more
nuclear reactions as shown in Fig. 2) compensates for the lower
fluence of these orbits, as shown in Table 2.

Overall, total concentrations of transmuted products at
10 years are found to be universally >10> cm™>, as shown in
Table 1, with an overall semiconductor/orbit average of 7.59 x
10® em™®. The minimum transmutation occurs in GaAs in
GEO orbit. More generally, GEO orbit produces the least trans-
mutation with an average concentration considering all semi-
conductors of 1.49 x 10® em 2. This is a result of the low energy
of the protons in this orbit, as shown in Fig. 3. The relatively
high fluxes of this orbit cannot offset the lack of sufficient
energy to induce proton nuclear reactions. The maximum trans-
mutation occurs in InAs in polar sun-synchronous LEO and this
orbit also produces the most transmutation overall with an
average concentration of 2.49 x 10° cm™>. This is a consequence
of the high energy proton spectrum of LEO orbits and its higher

109 T

108 3

107 £

106 e

10° E

104 3

Dominant Impurity Concentration cm™3

0 2 4 6 8 10
Lifetime [years]
Fig. 8 Impurity concentration (cm~) for elements with concentrations in
excess of >10° cm™ for InAs as a function of lifetime in inclined nonpolar
LEO. All major impurity concentrations show a similar temporal trend in all
orbits considered in this analysis, as shown in the ESI.i
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Impurity concentration (cm™3) (FISPACT) in GaAs, Hgo7Cdg sTe, INAsg01Sbg 00, INAS, INSbg sBig s, INSbg.esBig os, INSb and Si following 10 years

of operation in GEO orbit. The temporal impurity development follows the same trend as visualized in Fig. 8. Orbit parameters are summarized

in Table 2.

fluence than the inclined nonpolar LEO orbit. It should be noted
that for all Indium-based semiconductors and for HgCdTe in
GEO and MEO orbits, natural radioactive decay constitutes the
dominant contribution to the impurity concentrations, as these
orbits have insufficient fluence with sufficient energy to cause
proton nuclear reactions, as can be observed by comparing Fig. 2
with Fig. 3. This explains the failure of scaling of impurity
concentration with proton fluence (in the energy region of sub-
stantial cross-section) for these orbits, as shown in Table 1. This
scaling is maintained for GaAs and Si because these semi-
conductors contain no naturally occuring radioisotopes.

3.2.2 Relevance of impurity concentrations. To put this maxi-
mum impurity concentration into proper context and to consider
the limiting cases in which transmutation damage can be safely
ignored for ordinary applications, one should consider that very
high quality HgCdTe is considered to be that with 10'* ecm 3
intrinsic Hg vacancies.>* This order of defect density is also
considered excellent for MBE grown GaAs.>>?® Within other
materials, even higher unintentional impurity incorporation
concentrations are considered excellent. For example, in ZnO, a
2018 study optimized MBE growth to achieve F concentrations
of 10" em ™, which the authors defined as negligible.*” This
being the case, taking 10" cm as the lower bound for defect
introduction effect on material operation is justified.

With this in mind, it is possible to consider the worst
possible irradiation scenario and to determine the minimum
proton fluence required to achieve a significant impurity concen-
tration of 10"* em >, It is not immediately obvious which proton
spectrum will be capable of inducing the most transmutation.
This is due to the fact that proton nuclear reactions are energy
dependent, usually following the trend shown in Fig. 2, where
the cross-section peak location of a (p, xn) reaction generally
scales as 10x MeV with x being the number of neutrons emitted
(as discussed further in Section 1). Furthermore, it is not enough
that the cross-section be maximized as the unstable isotope
produced in the reaction could beta decay back to its original
form. This would imply that higher energy proton spectra are

This journal is © The Royal Society of Chemistry 2019

most capable of inducing long-lived transmutation, as they can
accessing reactions which move the nucleus further from its
previous stable proton to neutron ratio. Guided by the above
analysis, input proton spectra of monoenergetic 10 MeV,
50 MeV, 100 MeV, and uniformly distributed from 10-50 MeV
were considered for all semiconductors, with the resulting total
impurity concentrations at one day given in Table 1 for rapid
irradiation with a total fluence of 7.5 x 10" p* per cm”. It is
observed that there is no universally most damaging spectrum,
but rather that the 100 MeV spectrum is most damaging for
InAsg 91Sbg g9, INAs, InSby 5Bi, 5, and InSby 45Biy.o5; the uniform
10-50 MeV spectrum is most damaging for GaAs, Hg, ,Cd, ;Te,
and InSb; and the 63 MeV spectrum is most damaging for Si.
For the In-based semiconductors, the Cd and Sn concentrations
do not vary widely with proton energy, as these are associated
with nuclear decays from the single (p, n) reactions with In and Sb,
for which 10 MeV protons are sufficient. Despite this, the higher
energy proton spectrum is most damaging for these materials
because a wider array of transmuted products are produced due
to the higher availability of nuclear states that the higher energy
protons can access. All in all, the worse-case irradiation is found
to be for GaAs in a uniform 10-50 MeV spectrum, for which an
impurity concentration of 2.41 x 10" cm ™ results from an
incident fluence of 7.5 x 10" p* per cm” at one day. This implies
that a fluence in excess of 3 x 10™* p* per cm” would be required for
the concentration of impurities to reach non-negligible values.

For further context, the unshielded maximum 1 in 10 000 year
solar particle event total fluence with energy greater than 10 MeV
is on the order of 10" p* per cm>.*® As such, it would take the
occurrence of 3000 of these solar events to reach appreciable
impurity introduction. On the other hand, for the maximum
MEQO trapped proton flux, given in Table 2, if the flux took the
most damaging possible spectrum, it would only take 148 days
for non-negligible transmutation to occur. Fortunately, this
spectrum cuts off below 10 MeV, which is why the amount of
total transmutation associated with this orbit is negligibly small,
as shown in Table 1 and Fig. 11.
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These computations demonstrate that the typical neglect
of proton nuclear-reaction-induced transmutation is valid for
all semiconductors operating in all orbits and device testing
scenarios considered here.

4 Conclusion

Traditionally, electronic device radiation damage is charac-
terized into that caused by ionization and that caused by
displacement of lattice atoms. A third category, the contribu-
tion of which is investigated in this work through FISPACT-II
calculations and GEANT4 simulations (as validated through
experiment), is impurity production via proton nuclear reaction
induced transmutation. Both monoenergetic proton spectra
typical of device qualification testing and realistic spectra typical
of satellite operating environments in orbit are considered. It is
shown that total transmuted elemental concentrations never
exceed concentrations of >10" ecm™ in GaAs, Hg,,CdoTe,
InASg 91Sby.09, INAS, InSb, 5Biy 5, InSby ¢5Big o5, INSb and Si at the
end of 10 years of operation in any of the considered LEO, MEO,
or GEO orbits. As such, for modern semiconductor devices, the
effect can be safely ignored, but if this is not true for a particular
application, this work presents a compilation of elemental impu-
rities introduced in this set of semiconductors operating in these
orbits.
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